Flexible photodetectors have been intensely studied for the use of curved image sensors, which are a crucial component in bio-inspired imaging systems, but several challenging points remain, such as a low absorption efficiency due to a thin active layer and low flexibility. We present an advanced method to fabricate a flexible phototransistor array with an improved electrical performance. The outstanding electrical performance is driven by a low dark current owing to deep impurity doping. Stretchable and flexible metal interconnectors simultaneously offer electrical and mechanical stabilities in a highly deformed state. The protocol explicitly describes the fabrication process of the phototransistor using a thin silicon membrane. By measuring I-V characteristics of the completed device in deformed states, we demonstrate that this approach improves the mechanical and electrical stabilities of the phototransistor array. We expect that this approach to a flexible phototransistor can be widely used for the applications of not only next-generation imaging systems/optoelectronics but also wearable devices such as tactile/pressure/temperature sensors and health monitors.
Introduction
Bio-inspired imaging systems can provide many advantages compared to the conventional imaging systems 1, 2, 3, 4, 5 . Retina or hemispherical ommatidia is a substantial component of biological visual system 1, 2, 6 . A curved image sensor, which mimics the critical element of animal eyes, can provide a compact and simple configuration of optical systems with low aberrations 7 . Diverse advancements of fabrication techniques and materials, for example, the use of intrinsically soft materials such as organic/nanomaterials 8, 9, 10, 11, 12 and the introduction of deformable structures to semiconductors including silicon (Si) and germanium (Ge) 1, 2, 3, 13, 14, 15, 16, 17 , realize the curved image sensors. Among them, Si-based approaches provide inherent advantages such as an abundance of material, mature technology, stability, and optical/electrical superiority. For this reason, although Si has intrinsic rigidity and brittleness, Si-based flexible electronics have been widely studied for various applications, such as flexible optoelectronics 18, 19, 20 including curved image sensors 1, 2, 3 , and even wearable healthcare devices 21, 22 .
In a recent study, we analyzed and improved the electrical performance of a thin Si photodetector array 23 . In that study, the optimum single unit cell of the curved photodetector array is a phototransistor (PTR) type that consists of a photodiode and blocking diode. The base junction gain amplifies a generated photocurrent, and hence it exhibits a route to improve an electrical performance with a thin film structure. In addition to the single cell, the thin film structure is suitable to suppress a dark current, which is considered as noise in the photodetector. Regarding doping concentration, a concentration larger than 10 15 cm -3 is sufficient to achieve an exceptional performance in which the diode characteristics can be maintained with a light intensity over 10 -3 W/cm 2 23 . Moreover, the PTR single cell has a low column noise and optically/electrically stable properties compared to that of the photodiode. Based on these design rules, we fabricated a flexible photodetector array that consists of thin Si PTRs using a silicon-on-insulator (SOI) wafer. In general, an important design rule of flexible image sensors is the neutral mechanical plane concept which defines the position through the thickness of the structure where strains are zero for an arbitrarily small r 24 . Another crucial point is a serpentine geometry of the electrode because a wavy shape provides fully reversible stretchability to the electrode. Due to these two important design concepts, the photodetector array can be flexible and stretchable. It facilitates the 3D deformation of the photodetector array into a hemispherical shape or a curved shape like the retina of animal eyes 2 .
In this work, we detail the processes for the fabrication of the curved PTR array using semiconductor fabrication processes (e.g., doping, etching, and deposition) and transfer printing. Also, we characterize a single PTR in terms of an I-V curve. In addition to the fabrication method and individual cell analysis, the electrical feature of the PTR array is analyzed in deformed states. Figure 3a and 3b show the designed and fabricated structure of NIPIN PTR considering previous studies 2, 23 . The inset in Figure 3a . The doping distribution on the top Si layer has a finger-type doping. The side depletion region between the n + region and p + region, which is generated by the finger-type doping, is useful to reduce the loss of photogenerated carriers 25 . Moreover, the finger-type doping broadens the active region generating photo-generated carriers, thereby increasing the cell efficiency. Figure 3c presents an optical image of doped Si PTR islands. The I-V characteristic of a single PTR is shown in Figure 3d . Figure 4a displays the fabricated PTR array before a transfer printing step. A magnified image shows the single PTR cell in detail. The PIencapsulated serpentine electrode provides stretchability to the device and protects the electrodes and Si cells from a crack or failure. In addition to mechanical stability, the PI layer plays a role as an antireflective coating by reducing the difference in refractive indices between the Si layer and air. Figure 4b shows the optical image for the transferred device onto a PDMS-coated PET film. By using a transfer printing method, the completed device can be placed on a flexible substrate (e.g., a thin PET film). Figure 4c exhibits the schematic illustrations of the measurement setup and the definition of a radius of curvature (RoC). To measure an electrical performance in a bending state, we produced the custom-made manual stage to bend the sample by moving from side to side. Figure 4d shows the I-V characteristics of the PTR array in different RoCs (i.e., infinity, 10 cm, 8 cm, 6 cm, 4 cm, 2 cm). This result demonstrates that the electrical feature of the PTR is constant, regardless of the RoCs. The light source used in this experiment is a white light induced by a halogen lamp. Figure 4e shows the ratio of the photocurrent to dark current as a function of voltage with different RoCs. The dynamic range, which determines the sensitivity of photodetector, is maintained at ~600 or more, above a bias voltage of 2 V. This result shows that a thin Si membrane can achieve a significant dynamic range due to a low dark current as shown in the inset of 
Representative Results

Discussion
The fabrication technology described here contributes significantly to the progress of advanced electronics and wearable devices. The fundamental concepts of this approach use a thin Si membrane and metal interconnectors capable of stretching. Although Si is a brittle and hard material that can easily be fractured, a very thin Si layer can obtain a flexibility 26, 27 . In the case of the metal interconnector, the wavy shape offers stretchability and flexibility 28, 29 . In particular, the metal interconnectors act as electrodes for the entire device to operate as a matrix type. The matrix form of an open mesh, which is implemented in the final step, provides softness to the device in a structured manner. Together with the merits of the thin Si layer and the serpentine electrodes, this achieves stress isolation and releases device geometry. Also, the PI layer that surrounds the whole device simultaneously offers the effects of antireflection and protects the device from cracks or defects. By using a transfer printing method, the fabricated device can be placed on a flexible substrate, and hence, it secures the condition that the device can be deformed. Through the process steps presented here, a Si device with many advantages in terms of device characteristics and process maturity can be realized as a deformable electronics.
To obtain a PTR cell with a low dark current, the device doping process is vital. The doping depth is more critical than the impurity concentration because the deep doping can form more depletion regions compared to that of shallow doping. In the depletion region, photo-generated electrons and holes do not recombine, and this is the primary factor reducing the dark current in deep-doped PTR. For deeper doping, an ion implantation method is more suitable than the diffusion method. We conducted the impurity doping by using the ion implantation method corresponding to step 1 in this protocol. To successfully execute the doping process, consider using commercial technology computer-aided design (TCAD) simulations to estimate the doping depth and concentration.
Metallization steps (step 3 and 4) are one of the most critical processes in the fabrication technology described here. In this protocol, Au is used as an electronic path, but Au has a poor adhesion with a PI layer. Thus, a Cr (or Ti) layer is necessary to promote the adhesion of Au and PI. Owing to PI thickness, which is ~1.2 µm in this experiment, metal lines deposited by an electron beam or thermal evaporations do not have a sufficient step coverage. In this protocol, a sputtering process is used in this step. We recommend using a sputter process for the metallization. After the metal pattern is formed by solution etching, the sample is cleaned with DI water. A careful N 2 gas blow is then required to dry the water from the sample, because a strong gas blow may peel off the metal layers.
Forming a via hole (step 5), which penetrates both the PI and Si layers by an etching process, is also critical in this fabrication technology. It is difficult to decide whether the via hole patterns are well generated or not because the via holes have a small diameter (~2 µm). Since the color is changed after the etching process, we recommend observing the inside of the via hole patterns by microscope during each step. Then, the PI layer needs to be patterned in the form of a serpentine mesh. This is an essential step for the device to obtain a flexible/stretchable property.
For the removal of the sacrificial SiO 2 layer (step 6), it is essential to know the etching degree of the box oxide layer by hydrofluoric acid (HF) through continuous microscopic observation. Also, drying DI water that has remained after cleaning the HF should be carefully executed, because blowing the N 2 gas may peel off the device from the handling Si substrate. We recommend blowing the N 2 gas gently. Because HF is very harmful to the human body, the experiment should be conducted in an environment equipped with protective gear, protective gloves, and a gas venting system. The subsequent step in this protocol, the transfer printing process (step 6), needs fastidious and skilled techniques. For instance, when removing the device using a water-soluble tape, it is advantageous to secure the yield by removing the tape at a high speed.
In conclusion, this article presented a process for fabricating a flexible Si PTR array using a series of semiconductor fabrication processes such as a deposition, etching, photolithography, and transfer printing. For the insight of this fabrication process, this article illustrated specific fabrication methods with detailed descriptions. Also, this article described how we used the approach described here to fabricate the sample and measure the device performance of the fabricated samples in I-V characteristics with and without the illumination for different RoCs. This result demonstrates that the Si PTR array has a mechanical and electrical stability in a deformed state. In this study, the mechanical limitations of the Si materials are overcome by introducing a structure capable of a three-dimensional deformation into Si, which is not inherently soft. Because of this, the fabrication procedure can also be useful for other applications in the field of flexible/stretchable electronics and wearable devices such as healthcare monitors.
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